Introduction
The increasing interests in environmental issues have boosted the demand for high efficiency clean fuel, that is, sulfur-free diesel oil or gasoline. This recent tendency has also required improvement in the properties of lubricant oil cleaner and more efficient as well. According to a recent survey 1) , the total demand for lube base oil has been almost constant during the past two decades, but the demand for high grade base oil (i.e. Group II or III) has gradually increased. Base oils prepared from paraffinic and clean source, such as Fischer _ Tropsch (FT) synthesized paraffin, are becoming more attractive as these products mainly consist of noncyclic paraffins and have very high viscosity indexes 2) . The Gas-to-Liquid project is now being developed all over the world 3) , 4) and high performance lube base oil is expected to be a product from FT wax as well as clean fuel oil.
One of the most fundamental structural parameters of base oil is the carbon number distribution, but this parameter is too complicated to relate to the performance of base oil, so the average carbon number was taken as the parameter that represents the size of molecule. Another important structural parameter is the branching of the paraffin molecule. Base oil contains so many isomers that it is impossible to identify all isomers, for example by chromatography. One effective way to measure the branching of base oil is to investigate the CH3 carbon or CH carbon ratio using 13 C-NMR (nuclear magnetic resonance). Assuming that there is no quaternary carbon atom, the peaks of 13 C-NMR can be assigned to CH, CH2, or CH3 carbon. Considering that base oil consists mainly of noncyclic paraffins, the average branching number can be calculated using the ratio of CH or CH3 with average carbon number. Lube base oils were prepared by hydrocracking/isomerization of Fischer _ Tropsch synthesized waxes and longchain α-olefins with various carbon chain lengths. Correlations between operation conditions, viscosity properties of base oil, and molecular structures were investigated. Prepared base oils showed very high viscosity indexes of up to 159, but these varied widely with the severity of the hydrocracking/isomerization conditions and feedstock. Viscosity indexes of base oil had a good correlation with the severity of the hydrocracking/isomerization conditions, that is higher conversion resulted in lower viscosity index. "Average branching numbers" were calculated from the average carbon numbers and the ratio of CH, CH3 carbons obtained from 13 C-NMR analysis, considering that the base oils mainly consisted of noncyclic paraffins. Increased conversion resulted in decreased average carbon number and increased average branching number with all feedstocks. Even with conversion of under 10%, about 2 branches per molecule were generated. On the other hand, the rate of generation of 3 or more branches was comparatively low. Average carbon number and average branching number also showed good correlations with the viscosity properties of the base oil such as kinematic viscosity and viscosity index. Viscosity indexes increased with higher average carbon number or lower average branching number. The effect of average carbon number or average branching number on the viscosity index depended on the feedstock, so a new index (average carbon number) 2 × (average branching number) −1 was introduced as a molecular structural parameter of paraffins, and the index was confirmed to indicate the viscosity index regardless of the feedstock. A similar structural parameter (average carbon number) a × (average branching number) b was applied to kinematic viscosity. Kinematic viscosities at 40°C and 100°C showed good correlations when (a, b) = (3.5, 0.9) and (3.0, 0.5), respectively.
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The present study investigated the relationship between the hydrocracking/isomerization conditions, quality of base oil products, and molecular structures to design the base oil molecular structure and optimize the base oil production. Base oils were prepared from FT waxes and long chain α-olefins under various hydrocracking/isomerization conditions. The products showed a wide range of viscosity indexes from 114 to 159 depending on operation conditions. We focused on relating these two structural parameters to the operation conditions and viscosity properties of the base oil.
Experimental
1. Hydrocracking / Isomerization of Feedstock
FT waxes and long chain α-olefins were used as feedstock for the preparation of lube base oils. The carbon number distribution and other properties are shown in Table 1 . Commercial isomerization catalyst HOP-302 (100 ml) developed by Japan Energy Corp. was filled in a fixed bed flow reactor with α-alumina (100 ml) as diluent. The hydrocracking/isomerization conditions were as follows: H2 pressure 4.0-9.0 MPa, H2/oil ratio 660-1500 Nl/l, operation temperature 340-370°C, liquid hourly space velocity, LHSV 0.33-1.00 h −1 . Before providing feedstock, catalysts were sulfided with gas oil solution containing 1 vol% carbon disulfide. Liquid samples were obtained after oil/gas separation.
Analysis of Base Oils
Distillation properties of product oils were evaluated with the ASTM D 2887 method to determine 360°C + conversion defined as Eq. (1).
C1 (wt%) = 360°C + fraction of products (3) Except when the n-paraffin content was under 1 wt%, product oils were dewaxed with mixed solvent (50% 2butanone/50% toluene). Dewaxed samples were distilled with a TBP distillation apparatus and the bottom oils with boiling point above 360°C were taken as the lube base oil samples.
Kinematic viscosities at 37.8, 40, 98.9 and 100°C were analyzed with the ASTM D 445 method. The Distortionless Enhancement by Polarization Transfer (DEPT) method was used to assign each peak of the 13 C-NMR analysis of base oils to CH, CH2, and CH3 carbon assuming that quaternary carbon atoms were not present. Analysis was performed with a JEOL Ltd. GSX-270 NMR spectrometer with a 10 mm sample tube filled with approximately 50% of sample oil diluted with CDCl3. Each peak was quantified by the analysis of 1 H gated decoupling without NOE, because the peak area obtained by the DEPT method is not quantitative.
3. Determination of the Structural Parameters
of Isoparaffins Average Carbon Numbers (ACNs): Average molecular weights were calculated from the kinematic viscosities at 37.8°C and 98.9°C by the ASTM D 2502-92 method. ACNs were calculated with Eq. (4), assuming that base oil samples in this study virtually consisted of only noncyclic paraffins with molecular formula of CnH2n+2. ACN = (average molecular weight − 2)/14 (4) Average Branching Numbers (ABNs): The ABNs, were calculated with two methods. As shown in Fig.  1 , ABN is equal to the average number of CH3 carbons in one molecule minus 2 (Method A). ABNs can also be derived by counting CH carbon number in one molecule (Method B). Both CH3 and CH carbon ratios were obtained from 13 C-NMR analysis. ABNs 
Results and Discussion
1. Properties of Prepared Base Oil
Most prepared base oils have very high viscosity indexes from 130 up to 159. However, one sample had a relatively lower viscosity index (113.8). These results suggest that it is important to optimize the operation conditions of the hydrocracking/isomerization reaction and to understand the molecular structure change during the preparation of high viscosity index lube base oils.
Analysis of FD-MS and iodine number confirmed that no olefins and a small amount of cyclic paraffins containing 1 naphthene ring were present in the prepared base oil. Figure 2 shows that at lower conversion under 40 wt%, the ratio of paraffins containing naphthene rings were very low, though at higher conversion ratio the content was relatively higher. This suggests that paraffins containing naphthene rings were generated in the process of isomerization. 13 C-NMR spectra (Fig. 3) or column chromatography indicated that the base oils did not contain aromatic compounds.
Based on these results, the molecular structures of base oils in this study were evaluated using 2 parameters of isoparaffin, a parameter that represents molecular size (carbon number), and the state of branching.
2. Comparison of ABN by Method A and
Method B ABNs obtained by method A and method B are compared in 
Fig. 2 Correlation between 360°C Conversion and Naphthene Content in Base Oil
Feedstock: FTW-1, hydrocracking/isomerization conducted under the following conditions. H2 pressure: 9.0 MPa, H2/oil ratio: 1500 Nl/l, operation temperature: 350°C, LHSV: 0.44 h −1 .
Fig. 3 13 C-NMR Spectrum of Lube Base Oil
calculation method proposed in this report using analytical data of 13 C-NMR is reliable. ABNs obtained by these methods can be applied to the investigation of the molecular structure of isoparaffins in lube base oils. ABNs obtained of method A are the basis of the following discussion. Figure 5 shows the effect of the severities of the hydrocracking/isomerization reaction on the viscosity index of base oil. The viscosity index was drastically lowered with increased conversion with every feedstock. These changes can be attributed to structural changes of the isoparaffins which form the base oils. 360°C + conversion was varied by changing both operation temperature and liquid hourly space velocity, LHSV. However, properties of base oils or molecular structure changes could be described as a function of only 360°C + conversion, that is 360°C + conversion is the only index that represents the severity of the hydrocracking/isomerization reaction. Figures 6 and 7 show the correlation of 360°C + conversion with ACN and ABN, respectively. In the case of FTW-1, even at very low conversion (below 10 wt%), about 2 branches were generated (Fig. 7) . With increased conversion, ABN increased up to 2.4 and other feedstocks showed similar trends. These results show that the formation of the first and second branches in the paraffin chain is a very quick reaction. On the other hand, the formation of the third and subsequent branches is comparatively slow. ACN tended to decline with increased conversion of all feedstocks (Fig. 6) . This result indicates that the base oils became lighter. These findings suggest some kind of correlation of ACN and ABN with the viscosity indexes as shown in Fig. 8 and correlation curves depend on the feedstock. These results indicate that both ACN and ABN are important factors for the viscosity index. Therefore, we attempted to describe viscosity indexes as a function of ACN and ABN with following Eq. (7). viscosity index = f{(ACN) a × (ABN) b } (7) Using (a, b) = (2, −1) as multipliers, Eq. (7) and viscosity index showed good correlation as a quadratic curve regardless of used feedstock as shown in Fig. 9 . This result shows that viscosity indexes of base oils prepared by hydrocracking/isomerization of waxy feedstock can be determined as a function of ACN and ABN. The obtained formula (ACN) 2 × (ABN) −1 was factorized as shown in Eq. (8) to analyze the adopted multipliers. The viscosity index can be expressed by multiplication of a function that expresses the size of the molecule (ACN) and a function that relates to the methylene chain length of the paraffin ((ACN) × (ABN) −1 )).
Viscosity Index and Molecular Structure
It may seem a little strange that the viscosity indexes could be represented only by ACN and ABN, because the location of branches or the type of branches, such as methyl or ethyl or so on, strongly affect the viscosity properties of base oil 5) . This result indicates that the location of branches or the type of branches have only a few variations in the case of hydrocracking/isomerization of Fischer _ Tropsch paraffins or α-olefins. Reference 5) shows some properties of various kinds of hydrocarbons, such as kinematic viscosity or viscosity index. It is difficult to compare directly these data with the present results as the structures of some isoparaffins found in this reference are not practical in the case of base oils prepared from FT wax hydrocracking/isomerization, but the values can be of great help for understanding the result of our study. As our results indicated that methylene chain length of paraffin is supposed to be an important factor for viscosity index, the influence of methylene length was investigated. A new molecular structural parameter that we call Methylene Chain Index was employed for this investigation. Methylene Chain Index = Σ(ML 1.5 ) where ML = methylene length. For example, the molecule shown in Fig. 10 has 4 carbon, 5 carbon, and 6 carbon methylene chains, so Σ(ML 1.5 ) = 4 1.5 + 5 1.5 + 6 1.5 = 33.9. Figure 10 shows the correlation of Methylene Chain Index of several i-C26s and n-C26 with viscosity index, and indicates that longer methylene length is favorable for higher viscosity index. The influence of carbon number is also confirmed in Fig. 11 . This proposed that the area of certain peaks of 13 C-NMR spectra relate to the methylene chain length of lube oil molecules prepared from crude oil and had good correlations with viscosity index 6) . The same method was applied to the lube base oils of the present study and the correlation with viscosity index was evaluated. As shown in Fig. 12 , the correlation between the proposed index and viscosity index strongly depended on the feedstock. This result strongly indicates that the size of the molecule is an important factor for viscosity index as well as methylene length and must be included in the structural parameters that represent viscosity index. Figures 13 and 14 show the correlation between ACN and kinematic viscosity at 100°C and 40°C, respectively. Kinematic viscosity at 100°C had a good correlation with ACNs regardless of feedstock, but the correlation at 40°C seemed to be influenced by feedstock. Therefore, a similar formula, (ACN) a × (ABN) b was applied to kinematic viscosities at both 40°C and 100°C. By employing (a, b) = (3.5, 0.9) for the viscosity at 40°C and (3.0, 0.5) for the viscosity at 100°C, good linear relationships between viscosity and molecular structural parameter (ACN) a × (ABN) b were obtained as shown in Figs. 15 and 16 .
4. Kinematic Viscosity and Molecular Structure
These results indicate that though molecular size is the dominant factor for kinematic viscosity, branching state is also influential.
Conclusion
Lube base oils were prepared by hydrocracking/isomerization of Fischer _ Tropsch synthesized waxes and long-chain α-olefins with various carbon chain lengths. Correlations between operation conditions, viscosity properties of base oil, and molecular structures were investigated. (a) Viscosity indexes of prepared base oils widely varied from 114 up to 159 with severity of hydrocracking/ isomerization reaction and feedstock used. (b) Viscosity index decreased steeply with increased severity of hydrocracking/isomerization reaction with all feedstocks. The relationship between conversion and viscosity index depends on the feedstock. (c) Average branching numbers (ABN) in one molecule were calculated from 13 C-NMR analysis and average carbon numbers (ACN). ABN increased and average carbon number (ACN) decreased with increased severity of hydrocracking/isomerization reaction with all feedstocks. (d) ABN and ACN were applied to the description of viscosity properties of lube oils. The molecular structural parameter (ACN) 2 × (ABN) −1 showed good correlation with viscosity index. The correlation can be determined only with ABN and ACN and is independent of feedstock or operation conditions of the hydrocracking/isomerization reaction. 
